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Abstract 
This work analyzes REE behavior during the delivery of volcanic ash into a marine system and highlights the effects 
induced by dissolved carbonate and humate complexes on REE release. Kinetic experiments were carried out during 
a 6-month period using a batch method approach. Results show that the highest degree of REE leaching occurs during 
the early stage. Altered phases that crystallize induce REE sorption and dissolved complexation towards surface 
complexation, concurrent processes that are enhanced by Y/Ho, La/Yb, and Ce/Ce* changes, whereas dissolved 
humates and carbonates influence the dissolution rate of ash and the dissolved REE behavior.   
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1. Introduction 
 
The Mediterranean Sea is one of the marine systems where the flux of atmospheric dust is the largest 
[1]. Moreover, due to its epicontinental location and oligotrophic nature, atmospheric fallout plays a 
crucial role into determining metal and nutrient delivery to the water column [2] as well as the origin of 
these materials is mainly due to the Sahara desert [3]. On the other hand only recent papers are taking in 
account the effects induced by delivery of pyroclastic materials on the chemistry of the water column in 
terms of REE fractionations [4], trace element additions [5] and as nutrient sources for the water column 
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[6]. Therefore, in order to fill this gap in knowledge is needed to investigate the effects of freshly erupted 
volcanic ash on the composition of the water column in presence of dissolved organic carbon. 
 
2. Materials and methods 
 
Three artificially solutions with a seawater-like composition were prepared for kinetic experiments. 
The first having a typical salinity close to 35‰ was indicated as SW; the second one, indicated as CS, 
was prepared adding 160 mg l-1 of NaHCO3 to SW whereas the last, indicated as HAS, was obtained 
adding 5 mg l-1 of humic acid (molecular weight of 23 kDa) to CS. All reagents used in the experiments 
were ultrapure grade as well as water (18.2 MΩcm). 
Volcanic ash, sampled during Etna’s pyroclastic activity in July-August 2001, consists of 
clinopyroxene, Ti-rich magnetite, olivine and plagioclase whose mineral chemistry is described in 
Viccaro et al.[7]. Moreover about 80% w/w of the collected material consists of the glass fraction based 
on a mixture of sideromelane and tachylite[8]. Moreover the surfaces of ejected solids are coated by a 
soluble ash fraction produced by interactions between solid ejecta and hot plume allowing to the 
deposition of soluble salts and other deliquescent solids onto glass and mineral surfaces.  
Kinetic experiments, according to a batch method approach, were carried out until six months, at 25 ± 
1 °C, using a solution/solid ratio of 10:1 vol/wt, according to the scheme where 4 g aliquots of each 
sample was placed in 50 ml Nalgene® bottles. In particular 10 ash samples were placed in 40 ml of SW, 
10 in 40 ml of CS and 10 in 40 ml of HAS for 1, 3, 5, 7, 24, 48, 360, 720, 2160, 4320 hours. All the 
experiments were carried out in triplicate. After every experiment, pH was immediately measured while 
the bulk dissolution rate was assessed by means of concentration of dissolved silica. In regard to kinetic 
experiments with humic acid, the eventually REE humate-complexed were separated from solution by 
ultrafiltration, centrifuging the solutions in20 ml dialysis tubes of 3.5 kDa cut-off (Novagen, D-Tube 
Dialyzer Mega) at 5000 rpm for 30 minutes. REE were determined after pre-concentration of dissolved 
phase with CHELEX-100®, previously cleaned and conditioned [9]. In each sample pH value was 
adjusted to 6.0 ± 0.1 with CH3COONH4 as described by Paulson [10] and it was loaded into an 8-cm long 
Nalgene™ column filled with CHELEX-100. Trace elements, collected onto CHELEX, were eluted with 
5 ml of HNO3 3.5 M solution (Merck Ultrapure™), achieving a theoretical 9-fold enrichment factor. 
Accuracy and precision of chemical analyses have been assessed according to the procedure described by 
Censi et al. [4]. REE concentrations have been obtained by an Inductively Coupled Plasma Mass 
Spectrometry (Agilent Tech 7500) using Tl as internal standard. 
 
3. Results and discussion 
 
3.1. Kinetic experiments 
The evolution of pH values, being characterized by an increase just during the first hour of interaction 
followed by a decrease, suggests the crystallization of smectite-like secondary phases in agreement with 
previous observations [11]. At the same time dissolved silica always increases according to the following 
equation: 
d[SiO2 ]
dt
= k1([SiO2 ]
SS −[SiO2 ]0 )    (1) 
where [SiO2]SS e [SiO2]0 are dissolved silica concentrations at the steady state and at the beginning of 
experiments, respectively. Integrating of the equation (1) kinetic parameters have been calculated 
according to analysed silica concentrations. Kinetic data indicate that all the examined systems have 
similar rate constants but the SiO2 release is weakly slower in presence of humic substances suggesting 
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that humate can partially coat surfaces of ash particles reducing their interactions with dissolved phase.  
3.2. REE behaviour during solid-liquid interaction processes 
The REE releases during kinetic experiments occur mainly during an early 48 hours period (hereafter 
defined first step). Then, dissolved REE concentrations show only weak changes. These features suggest 
a great solubility of volcanic particles, in agreement with previous data [12], followed by deposition of 
alteration phases under closed system conditions. Therefore, the evolution of Y/Ho, La/Yb and Ce/Ce* 
values have been focused, these ratios being sensitive to elemental partitioning during interfaces 
processes. Y/Ho ratio is characterised by progressive increasing during the first step in both SW and CS 
systems, belonging antithetic after about 48 hours (Fig. 1a). Being Y/Ho ratio influenced by larger Ho 
affinity for solid surfaces than Y and by larger Ho-carbonate complexes with respect to Y ones, our lab 
observations are consistent with previous thermodynamic data.  
La/Yb ratio, representing a good proxy of different behaviour as regard of light and heavy REE 
(LREE and HREE) during solid-liquid processes, shows in SW and CS a progressively decrease during 
the first step increasing to the end of experiments (Fig. 1b). On the contrary it remains quite constant in 
HAS system and changes just after 3 months. Being LREE more abundant in volcanic ash than HREE, 
the observed HREE enrichment suggests a larger stability of HREE complexes with respect to LREE ones 
under experimental conditions both in SW and CS systems. The progressive increase of La/Yb ratio to the 
end of experiments suggests that a larger stability of La-complexes than Yb-complexes is attained in CS 
system as in accordance with Byrne and Sholkovitz [13]. Ce/Ce* behaviour in SW and CS systems is 
quite similar (Fig. 1c). In these systems the occurrence of SO42- and carbonate species as complexing 
agents are not able to influence the Ce4+ reactivity, whereas the amplitude of the Ce anomaly is influenced 
by humic substances, as previously evidenced [14, 15]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Y/Ho, (b) La/Yb and (c) Ce/Ce* trend during SW, CS and HAS kinetic experiments. (d) Y/Ho versus 
Ce/Ce* during leaching experiments in SW and CS systems (red and black squares respectively). 
 
The capability to influence REE behaviour during scavenging processes is depicted in Fig. 1d where 
Y/Ho and Ce/Ce* describe inverse linear arrays just in SW and CS systems. These features suggest that 
Ce is strongly partitioned onto solid surfaces whereas Ho is preferentially removed in dissolved phase 
with weak differences induced by carbonate complexation. The higher Y/Ho values are attained in the CS 
 
(d) 
(a) 
(b) 
(c) 
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system, suggesting that dissolutions are influenced by dissolved complexation. On the other hand, being 
stability constants of [MCO3]+ and [M(CO3)2]- for Y weakly lower that Ho ones [16], the observed 
increase of Y/Ho ratio during the interactions confirms that scavenging plays a larger role for these 
elements at ash-water interface.  
 
4. Conclusions 
 
During interactions between volcanic ash and coexisting fluids the occurring processes are strongly 
influenced by the complexation capability of dissolved phase and the dissolved organic contents. 
Furthermore our results indicate that the dissolution of volcanic ash can occur quickly allowing to large 
dissolved trace metal releases followed by deposition of alteration phases. However, the main flux of 
elements during a similar process occurring under natural conditions is delivered by soluble ash fraction 
that was not investigated during this research. 
References 
[1] Guerzoni S, Chester R, Dulac F, Herut B, Loÿe-Pilot M, Measures C. The role of atmospheric deposition in the biogeochemistry  
of the Mediterranean sea. Pro Oceanogr 1999; 44: 147–190. 
[2] Martin JM, Elbaz-Poulichet F, Guieu C, Loye-Pilot MD, Han G. River versus atmospheric input of material to the     
Mediterranean Sea: an overview. Mar Chem 1989; 28: 159–182. 
[3] Guieu C, Bozec Y, Blain S, Ridame C, Sarthou G, Leblond N. Impact of high Saharan dust inputs on dissolved iron 
concentrations in the Mediterranean sea. Geophys Res Lett 2002; 29: 17–28. 
[4] Censi P, Sprovieri M, Larocca D, Aricò P, Saiano F, Mazzola S, Ferla P. Anomalous Y/Ho ratios in coastal water of the Central 
Mediterranean Sea. Geochim Cosmochim Acta 2007; 71: 5405–5422. 
[5] Censi P, Randazzo L, Zuddas P, Saiano F, Aricò P, Andò S. Trace element behaviour in seawater during Etna's pyroclastic  
activity in 2001: Concurrent effects of nutrients and formation of alteration minerals. J Volcanol Geoth Res 2010; 193: 106–116. 
[6] Olgun N, Duggen S, Andronico D, Kutterolf S, Croot P, Giammanco S, Censi P, Randazzo L. Volcanic ash fall during explosive  
eruptions of Mount Etna: Impacts on the biogeochemistry of the oligotrophic Mediterranean Sea. Mar Chem 2012 (in press). 
[7] Viccaro, M., Ferlito, C., Cortesogno, L., Cristofolini, R., Gaggero, L. Magma mixing during the 2001 event at Mount Etna 
(Italy): effects on the eruptive dynamics. J Volcanol Geotherm Res 2006; 149: 139–159. 
[8] Taddeucci J, Pompilio M, Scarlato P. Conduit processes during the July–August 2001 explosive activity of Mt. Etna (Italy): 
inferences from glass chemistry and crystal size distribution of ash particles. J Volcanol Geoth Res 2004; 137: 33–54. 
[9] Möller P, Dulsk P, Luck J. Determination of REE in seawater by ICP-mass. Spectrochim Acta Part B 1992; 47: 1379–1387. 
[10] Paulson AJ. Effects of flow rate and pretreatment on the extraction of trace metals from estuarine and coastal seawater by 
Chelex-100. Anal Chem 1986; 58: 183–187. 
[11] Ghiara MR, Franco E, Petti C, Stanzione D. and Valentino GM. Hydrothermal interaction between basaltic glass, deionized 
water and seawater. Chem Geol 1993; 104: 125-138.  
[12] Crovisier JL, Honnorez J, Eberhart J. Dissolution of basaltic glass in seawater. Geochim Cosm Acta 1987; 51 (11): 2977-2990.   
[13] Byrne RH, Sholkovitz ER. Chapter 158 Marine chemistry and geochemistry of the lanthanides. Handbook Phys and Chem 
Rare Earths 1996; 23: 497-593. 
[14] Davranche M, Pourret O, Gruau G, Dia A, Jin D, Gaertner D. Competitive binding of REE to humic acid and Mn oxide: Impact 
of reaction kinetics on development of cerium anomaly and REE adsorption. Chem Geol 2008; 247 (1-2): 154-170.  
[15] Loges A, Wagner T, Barth M, Bau M, Göb S, Markl G. Negative Ce anomalies in Mn oxides: The role of Ce 4+ mobility 
during water-mineral interaction. Geochim Cosmochim Acta 2012; 86: 296-317.  
[16] Liu X, Byrne RH. Comprehensive investigation of yttrium and rare earth element complexation by carbonate ions using ICP-
mass spectrometry. J Solution Chem 1998; 27 (9): 803-815.  
